ATP-dependent chromatin remodeling complexes are involved in several nuclear processes. In particular the INO80 remodeling complex is an essential factor during transcription and DNA repair. Recently, several labs have described a novel role for INO80 during DNA replication. Moreover, Falbo et al. have presented evidence linking INO80's activities to the DNA damage tolerance pathways during replication (1). In this review we will discuss and integrate the results obtain by these various research groups to describe a novel role for INO80 in DNA replication.
ABSTRACT
ATP-dependent chromatin remodeling complexes are involved in several nuclear processes. In particular the INO80 remodeling complex is an essential factor during transcription and DNA repair. Recently, several labs have described a novel role for INO80 during DNA replication. Moreover, Falbo et al. have presented evidence linking INO80's activities to the DNA damage tolerance pathways during replication (1) . In this review we will discuss and integrate the results obtain by these various research groups to describe a novel role for INO80 in DNA replication.
INTRODUCTION
DNA replication, an essential and complex process required to produce an accurate copy of the genetic material, has been widely investigated in the past decades. In higher eukaryotes the DNA is not naked, but wrapped around histone proteins in a highly compacted structure called chromatin. During replication, the chromatin structure needs to be relaxed to an "open" state so that proteins and factors actively involved in this process can access the DNA molecule. Moreover, the correct and precise coordination between DNA replication and chromatin structure regulation is indispensable to ensure that DNA replication occurs without errors that could eventually lead to diseases such as cancer.
In the eukaryotic nucleus the DNA molecule is wrapped around histones to form a basic unit, the nucleosome. Nucleosomes interact with each other creating a highly compacted and complex structure that creates impediments and constraints to any process that requires access to the DNA molecule, such as DNA replication (2) . In the past decade, several lines of evidence have indirectly suggested that regulation of the chromatin structure is a key process during DNA replication (3). Nucleosome positioning has been shown to be important during replication initiation and previous research indicates that regulation of the chromatin structure is necessary for correct chromatin maturation at the replication fork (4) (5) (6). However, until recently, very little was known about how the chromatin environment affects and regulates DNA replication.
The correct inheritance of the DNA sequence requires a highly regulated but dynamic environment that ensures rapid yet selective access to the DNA molecule (3) . A diverse array of chromatin modifying factors work together to achieve this tightly regulated environment where nucleosomes can be mobilized along the DNA molecule, exchanged, evicted, or posttranslationally modified to allow accurate completion of the many nuclear processes that involve the chromatin. Among these factors, chromatin remodeling complexes use the energy provided by ATP to mobilize, exchange or evict nucleosomes (7) . In particular, a subfamily of chromatin remodeling complexes, the INO80 subfamily, has been shown to be an important player in nucleosome mobilization during transcription, although the pertinent mechanism is still not clear (8) . The INO80 complex binds to the promoter regions of certain actively transcribed genes and mobilizes nucleosomes using the energy provided by ATP. Remarkably, some recent observations suggest that the INO80 chromatin remodeling complex might be directly involved in DNA replication. For instance, ino80 mutants are sensitive to hydroxyl-urea (HU) and methyl methanesulfonate (MMS), two well characterized DNA replication blocking agents, suggesting INO80 could be directly involved in DNA replication, particularly through regulation of the chromatin structure, to avoid replication related DNA damage (9) (10). Based on this observation several papers have been published in the past two years addressing a novel role for the INO80 remodeling complex in DNA replication (1) (11) (12) (13) . The focus of this review is to summarize these new findings that reveal novel functions of the INO80 remodeling complex in DNA replication.
A NOVEL ROLE FOR INO80 IN DNA REPLICATION

INO80 is involved in DNA replication
The HU sensitivity of the ino80 mutants recently led several labs to investigate, using different experimental approaches, whether INO80 affects DNA replication directly, since the marked increase in Ino80 expression observed in cells that were synchronized in G1 and then released into the S phase in media with HU strongly suggested that INO80's role in DNA replication could be direct instead of transcription-related (1) (11) (12) (13) 
INO80 and the checkpoint response
The hypersensitivity of the ino80 mutant to DNA replication-blocking agents, such as HU, strongly suggested that INO80 could be involved in the response to stalled replication forks (10) . In yeast, HU induces replication fork stalling in cells released from G1 arrest into the S phase (14) . In the presence of HU, the Rad53-dependent intra-S phase checkpoint is activated by Rad53 phosphorylation that leads to fork stabilization and inhibition of late firing origins. Interestingly, despite the well-established sensitivity of the ino80 mutants to HU, data originated in several labs have generated some diverse conclusions on whether or not INO80 is involved in replication fork stability and the S phase checkpoint response.
The most direct way to show a defect in replication fork stabilization after HU treatment is 2D gel analysis, since it is well established that in mutants of proteins involved in replication fork stabilization, such as Rad53, replication forks collapse resulting in the accumulation of DNA fragments that form a characteristic cone signal when assessed by 2D gel electrophoresis. Interestingly, 2D gel analysis of ino80 mutants after HU treatment has shown dissimilar results. In a recent report published by Falbo et al., the authors tested whether ino80 mutants exhibited replication fork defects similar to those typical of rad53 mutants by 2D gel analysis and found that, unlike the rad53 mutant, both Wild Type and ino80 mutants were proficient in replication fork maintenance and stabilization, as well as in the repression of late firing origins (1). Interestingly, in a different report by Papamichos-Cronakis et al., it was concluded that the absence of Ino80 leads to replication fork collapse, based on an experiment where the bubble signal is not clearly present, and a positive control, such as rad53, is absent; thus the conclusion somewhat uncertain (11) (12) . However, although it is possible that a very small cone signal could have gone undetected in the 2D gel analysis, a delay in replication fork completion, instead of a cone signal, could not be representative of replication fork collapse. Nonetheless, it is possible that INO80 plays a role in the stabilization of only a subset of ARSs without affecting the global response to HU. These results, although somewhat different in the details, are not entirely surprising, since INO80 has been shown to bind to both early and late firing origins, while accumulation of a cone signal resulting from collapsed forks was described as an attribute limited only to early ARS. Furthermore, this idea is supported by the data presented in a report by Vincent et al. showing that both Isw2 and Nhp10 seem to be necessary for proper replication of late firing origins (13) . Since Nhp10 is an INO80 exclusive subunit, these data support the notion that INO80 could have the same or even different functions at both early and late firing origins.
A novel role for INO80 in the DNA damage tolerance pathway
The MMS sensitivity of the ino80 mutants led Falbo el al. to hypothesize that INO80 could be necessary to avoid replication related DNA damage mediated by the Rad18/Rad6 DNA damage tolerance pathways (1). In yeast, replication forks that encounter a DNA obstruction, such as an MMS induced adduct, stall. When the MMS induced damage is in the template for the leading strand, a gap will be formed that cannot be filled by the polymerase, and subsequent excision of this region creates a DSB by destruction of the replication fork (15). Bypass of these lesions is mediated by activation of the RAD18/RAD6 DNA damage tolerance pathway, and mutants of proteins involved in this pathway are, similar to the ino80 mutant, sensitive to MMS (16) . In addition, the authors found that ino80 mutant cells synchronized in G1 and treated with MMS accumulate the phosphorylated form of histone H2AX (γH2AX), a marker of DSBs, only when the cultures are allowed to progress through the S phase, indicating that INO80 is necessary to avoid DNA damage generation during replication (1).
Since INO80 was shown to bind ARSs directly, the authors examined whether the γH2AX accumulation observed in the ino80 mutant was directly related to deficient replication fork activities. Thus, to provide direct conclusive evidence, a state-of-the-art technique, DNA combing, was used to examine replicating DNA at the single molecule level; thus overcoming the pitfalls of other techniques. Analysis of Wild Type and ino80 mutant cultures synchronized in S phase and released from MMS treatment indicated that the length of BrdU tracks, indicative of replication fork movement, was significantly reduced in the arp8 mutant (Arp8 is an INO80 subunit whose deletion closely resembles the Ino80 subunit deletion). Moreover, these data were supported by PFGE analysis of the same samples, showing a marked reduction in chromosome mobility in agarose, and the persistence of un-replicated gaps observed by DNA combing. Therefore, Falbo el al. established that INO80 is required for efficient replication fork reestablishment and progression after MMS treatment (1).
INO80 is necessary for PCNA ubiquitination and Rad18 recruitment to replication forks
Interestingly, the observation that the rev3rad30 double mutant, a strain that lacks the major translesion polymerases, shows the same defect as the ino80 mutant after release from MMS assessed by combing, led Falbo et al. to hypothesize that such defect could be a consequence of a deficient PCNA ubiquitination, since translesion polymerases depend on PCNA ubiquitination for activation (16) . In yeast, the primary system activated to overcome MMS induced lesions requires proper PCNA ubiquitination and is mediated by proteins that belong to the RAD6/RAD18 DNA damage tolerance pathways. Mutants of proteins involved in these pathways are sensitive to MMS and have difficulty resuming DNA replication after MMS treatment, similar to the ino80 and arp8 mutants. In budding yeast, these pathways are dependent upon Lys 164 ubiquitination of PCNA (K164). Monoubiquitination of K164 by Rad6-Rad18 leads to the activation of an error free damage avoidance pathway, while the subsequent polyubiquitination of K164 by the Mms2-Ubc13-Rad5 enzyme complex leads to the activation of an error free damage avoidance pathway (16) . Interestingly, a point mutant with a substitution in K164 that is deficient in PCNA ubiquitination (K164R) is also sensitive to MMS. Thus, to investigate whether PCNA ubiquitination is affected by INO80, the authors assessed the PCNA ubiquitination status in S phase synchronized, MMS treated ino80 mutant cultures. Immunoprecipitation with a PCNA antibody from trichloroacetic acid extracted proteins, followed by a Western blot using an anti-ubiquitin antibody showed that, unlike the unmodified form of PCNA, the ubiquitinated forms were consistently reduced in the ino80 mutant as well as in a point mutant that specifically lacks the ATPase activity, leading to the conclusion that INO80 Figure 1 . The role of INO80 in DNA damage tolerance during replication.After replication fork encounters DNA replication insults, the INO80 chromatin remodeling complex is recruited to the blocked replication fork. INO80 chromatin remodeling activity remodels the local chromatin environment to facilitate the recruitment of DNA damage tolerance factors, such as Rad18 and Rad51. These initiating factors activate subsequent pathways to resolve the DNA damage-induced blockage at the replication fork, allowing proper DNA replication resumption.
is necessary for PCNA ubiquitination, in a process that possibly requires INO80 ATPase and remodeling activities (1).
INO80 could be involved in PCNA ubiquitination by affecting proper recruitment of proteins that mediate the damage tolerance pathways, such as Rad18 or Rad6. Interestingly, a whole genome expression profile analysis using microarrays showed no significant differences in the expression of genes known to be involved in the damage tolerance pathways, suggesting the effect could be direct, instead of transcriptionally related. Indeed, the authors investigated Rad18 recruitment to defined ARSs after MMS treatment and found that while recruitment of a bona fide replication factor such as Rfc3 was similar in Wild Type and ino80 cultures, Rad18 recruitment was significantly reduced in the ino80 mutant strain during S phase, indicating that INO80 is necessary for proper Rad18 recruitment and PCNA ubiquitination (1).
INO80 is necessary for Rad51 recruitment to replication forks and its recombination mediated activities
Remarkably, recent investigations have provided strong evidence indicating that Rad18 might work together with Rad51 in a joint effort to resolve stalled replication forks after MMS treatment. In fact, after replication forks stall, Rad51 is recruited to mediate a recombination process that results in the generation of the so-called hemicatenatelike structures or X-shaped structures, that are subsequently resolved by the activity of a REC helicase, Sgs1. These structures can be visualized using 2D gel electrophoresis, where lack of Rad51 leads to a reduction, while lack of Sgs1 leads to an accumulation of the X-shaped structures' signal. Interestingly, formation of these X-shaped structures was recently shown to be dependent upon PCNA ubiquitination and Rad18 activity (17) . Moreover, in support of INO80's role in Rad18 recruitment and replication fork resolution, Falbo et al. found that Rad51 mediated X-shaped structures' formation was significantly reduced in cells that lack INO80 activity, leading to the notion that both Rad18 and Rad51 activities are affected by INO80 at replication forks (1) . In support of these results, ChIP analysis to assess Rad51 binding to ARSs indicated that Rad51 recruitment to replication forks is reduced in the ino80 mutant. As such, INO80 could remodel the chromatin at or around the replication fork to allow Rad51 and Rad18 proper access to the DNA in order to process stalled replication forks (1)
CONCLUSION
These studies reveal a new and distinct role for INO80 in DNA replication. Although some data seem to indicate that INO80 could be involved in the HU mediated checkpoint activation, further research is required to support this notion. INO80 may have some role in stabilizing specific ARSs under HU stress. Furthermore, data provided in Falbo's study strongly supports a role for INO80 in the DNA damage tolerance pathways after MMS treatment. In fact, these investigations provide strong evidence for a model in which, after replication forks encounter an obstruction, INO80 is recruited to mediate proper Rad18 and Rad51 recruitment that would lead to PCNA ubiquitination and Rad51 mediated fork resolution through a process that involves recombination and possibly template switching. Indeed, these investigations have established INO80 as an early player in modulating multiple pathways that lead to the resolution of replication forks, thus establishing chromatin remodeling factors as a novel event that is required to avoid DNA damage as an undesired consequence of DNA replication (Figure 1 ).
FUTURE PERSPECTIVES
The role of chromatin remodeling during DNA replication has long been suspected, and several recent papers have clearly established that, indeed, chromatin remodeling complexes are required during DNA replication. As such, future research efforts would be directed to understand the many aspects left unresolved in these studies. It is still unclear how INO80 is recruited to DNA replication sites and what are the signals, factors, and pathways leading to this event. One way INO80 could be directed to ARSs is through the physical interaction with replication factors. Moreover, a very interesting aspect left unresolved is whether INO80 remodels the chromatin near or at the replication forks and whether these remodeling activities regulate Rad18 and Rad51 access to the forks during DNA replication.
Most importantly, INO80 and the DNA damage tolerance pathways are well conserved from yeast to humans (18) . Thus, the recent discovery of an homolog of INO80 in humans (hINO80) has opened an exciting new area that could lead to important discoveries, specifically in cancer research, since the damage avoidance responses during DNA replication are essential to preserve genome stability (19) . As such, deletion of the human homolog of INO80 (hINO80) was shown to increase the sensitivity of these mutants to DNA damaging agents, and YY1, a transcription factor associated with hINO80, was shown to bind recombination intermediate structures (20) . Moreover, a very recent paper by Hur et al. provides evidence implicating hINO80 in DNA replication and chromosome segregation, setting the stage for the expansion of a very important novel research area (21) . Given the multiple roles of INO80 in the DNA damage response, these studies, together, reveal novel and specific roles of INO80 in diverse aspects of DNA replication.
